ABSTRACT This paper presents a design method for wireless power transmission systems in unknown electromagnetic environments. In a wireless power transmission system, several antenna elements are used for power transmitting and one antenna is utilized for power receiving. By measuring the scattering parameters (S-parameters) of the whole system, the power transmission capability of the system can be fully characterized. The maximum possible power transmission efficiency (PTE) can then be determined, and the corresponding excitations for the transmitting antenna elements can be obtained. By designing a feeding network that provides the required excitations to feed the transmitting antenna elements, the optimum power transmission can be achieved without identifying the properties of the unknown electromagnetic environments. Two design examples are presented to demonstrate the proposed method. The measured PTEs are close to the theoretical maximum possible values.
I. INTRODUCTION
Recently, wireless power transmission (WPT) [1] - [11] has come to the forefront of the electronics industry due to its extensive potential applications. WPT technology involves wirelessly transferring the electrical energy from the power source to electrical loads without using power cords, which is valuable in situations where connecting wires are hazardous or impossible to employ, such as charging sensors attached to high voltage power lines, powering implantable medical devices and so on. Generally, WPT can be divided into two basic categories, non-radiative and radiative. In nonradiative WPT, energy is transferred via magnetic fields utilizing inductive coupling [1] - [4] or resonance [5] - [7] between coils. On the other hand, in radiative WPT, energy is transferred through electromagnetic radiation [8] - [10] . Compared with non-radiative WPT, radiative WPT, which is the focus of the current work, offers advantages of longer transmission distance and better alignment tolerance [11] .
In recent years many efforts have been devoted to the design of radiative WPT systems [12] - [19] . Most published works assume a free space environment so that one can focus on the design of transmitting and receiving devices without considering the effects of the propagation medium. In [12] , [13] , high-efficiency rectennas with switchable operating frequencies or reconfigurable polarizations are studied. In [14] , [15] , the rectennas with all polarization receiving capabilities are investigated so that the incident electromagnetic wave can be efficiently harvested regardless of its polarization. In [16] , a hybrid power combining rectenna array is proposed to receive more RF energy in a wide incident angle range. In addition, efficient rectifying circuits [17] - [19] can be built in a wide load range or input power range with novel methods or structures for higher-efficiency WPT.
Besides the free-space environment, some WPT systems may be surrounded by complex electromagnetic media. One such example is presented in [20] , in which the possibility of applying WPT to a rectenna buried in a concrete block is explored. Another instance is the investigation of the WPT performance of a sensor in the presence of a medium formed by the rebar grid and concrete [21] . In some WPT systems, the power must be transferred to the receiving device embedded in a complex medium. For example, a medical sensor implanted in ocular tissue may be wirelessly charged through the WPT technique [22] . Also, a wireless power transfer to a compact rectenna implanted in a one-layer skin phantom at the 2.45-GHz ISM-band is achievable [23] . When the environments are not free space, the WPT systems require modeling of the transmission channel to facilitate the design of the whole transmission system. In brief, except in free space, a prerequisite for the design of the WPT system is to obtain the electromagnetic properties of the transmission medium or the surrounding environment (i.e., the transmission channel). However, in many practical scenarios, the electromagnetic parameters of the environments are unknown, or the medium is too complex to be modeled. In these cases, an effective strategy to implement the WPT system without identifying the electromagnetic properties of the environment is highly desired.
In this paper, an effective method for designing a WPT system in unknown electromagnetic environments is proposed. The method is based on the power transmission theory between two antenna arrays, which is very versatile in the antenna array design and has been successfully applied in the designs of focused antennas [24] , smart antennas [25] , beamforming antennas [26] , antennas for WPT in free space [27] and so on. All these designs are assumed to be in freespace or known environments, and the applicability of the method in unknown electromagnetic environments is yet to be investigated and is the major focus of current study. The whole transmission system consists of a transmitting antenna array and one receiving antenna with an unknown electromagnetic environment whose power transmission efficiency (PTE) can be expressed in terms of the scattering parameters (S-parameters) characterizing the whole transmission system, including the influences of the unknown environment. Then, the optimum excitations for the transmitting antenna elements can be obtained by maximizing the PTE of the whole WPT system. With the optimized excitation values, the transmitting antenna elements can be properly fed and the WPT system can be readily designed to achieve the maximum possible PTE. The feasibility of the method is demonstrated by two different examples, in which the surrounding materials are assumed to be unknown. Fig. 1 shows two typical WPT scenarios in practical applications. The WPT system consists of n transmitting antennas and one receiving antenna. In the scenario described in Fig. 1(a) , the receiving antenna is shielded by an unknown medium, while in the scenario described in Fig. 1(b) , the receiving antenna is embedded in an unknown medium. Here the term ''unknown'' may refer to the electromagnetic parameters of the surrounding medium not being known or the shape or the structure of the surrounding medium being arbitrary. Since the PTE of the WPT system depends on the properties of the unknown medium, the optimal design of the WPT system becomes a challenge. An attempt is made in this article to solve this challenge. Actually, in the WPT system given in Fig. 1 , the n transmitting antennas and the receiving antenna can be treated as an (n + 1)-port network. Hence, the whole transmission system can be characterized by scattering parameters as follows
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in which
are the normalized incident and reflected waves at the transmitting ports and the receiving port, respectively. The subscript 't' represents the transmitting antenna array, and the subscript 'r' denotes the receiving antenna. Then, the PTE η PTE between the transmitting antenna array and the receiving antenna can be calculated by
which is the ratio of the power received by the receiving antenna to the total input power of the transmitting array. Suppose that the receiving antenna is well matched, then [a r ] = 0. In this case, equation (2) can be reduced to the Rayleigh quotient as follows:
where 
In the following, we assume that the transmitting antenna array is well matched at all ports. Hence, we have [
, and equation (4) can be simplified to
As there is only one receiving port, the rank of the matrix [A] is unit, which implies that equation (5) has only one positive eigenvalue. Even in cases where the transmitting antennas and receiving antenna are strongly coupled, the eigenvalue is always unique. Thus, the single positive eigenvalue of equation (5) provides the highest η PTE value, and the corresponding eigenvector gives the optimum excitation distribution for the transmitting antenna array. The above derivations have included the effects of mismatched polarization, the unknown environments and the mutual coupling between the transmitting antenna elements, and are valid for any stationary channel. Also, the method is feasible for any transmission distance and any environment. As long as the S-parameter matrix of the WPT system is known, the optimum excitation distribution for the transmitting antenna elements can be obtained by solving the eigenvalue problem of equation (5). Since the environment is assumed to be unknown in our designs, the only way to find the scattering parameters,which includes the information of the environment, is through measurements. The detailed design process for the WPT system is illustrated by the flow chart shown in Fig. 2 . Obviously, the PTE η PTE increases with the number of transmitting array elements. Thus, in the design process, more antenna elements can be introduced if the preliminary design does not meet the required η PTE . Also, the configuration of the transmitting antenna array affects the efficiency η PTE . Hence, a compromise between size, configuration and efficiency should be made in the optimization process.
It should be noted that our design method is different from the well-known maximum ratio combining (MRC) used in MIMO wireless communications. The differences are: 1) the expressions for the optimization objectives are different either in forms or physical meaning; 2) the optimization methods are different; 3) the optimized results are in different forms.
In this paper, the microstrip-line feeding network is used to demonstrate the correctness of the proposed method. In cases where the electromagnetic environment may change, the optimum excitation distribution for each possible electromagnetic environment may first be calculated by using (5) and pre-stored. Then the pre-stored excitation distributions can be utilized to adjust the attenuators and phase shifters according to the transmitting channel so as to provide the corresponding optimal excitation distribution for the transmitting antenna elements. 
III. DESIGN OF WPT SYSTEMS A. DESIGN OF TRANSMITTING AND RECEIVING ANTENNAS
Due to research project-related requirements, the WPT system is assumed to operate at 2.45 GHz. The proposed WPT system comprises a transmitting antenna array and one receiving antenna. To simplify the design process, the same antenna element design is utilized for both the transmitting and receiving antennas. Fig. 3(a) shows the structure of the antenna element, which is a traditional rectangular microstrip patch antenna. The element is printed on a Rogers-4350B substrate with a thickness of 20 mil, relative dielectric constant of 3.66 and loss tangent of 0.0037. The software Ansoft HFSS is used to optimize the antenna element at the center frequency of 2.45GHz, and the final geometrical parameters are listed in the caption of Fig. 3(a) . Fig. 3(b) gives the photograph of the fabricated antenna element, which is used as the receiving antenna. As shown in Fig. 4 , the measured −10-dB reflection-coefficient bandwidth for the antenna is from 2.430 to 2.475 GHz. Also, the peak gain of this antenna is measured, which is 5.65 dBi. When this antenna is used for power receiving in WPT scenarios, its matching performance may be influenced by the unknown electromagnetic media in close proximity. In this case the antenna must be retuned by either optimizing the structure or utilizing a matching circuit.
It is noted that equations (1)-(5) are applicable to arbitrary relative positions between the transmitting antenna elements (i.e., arbitrary configuration of transmitting antenna array). However, for easy fabrication and measurement, all the transmitting antenna elements are arranged on a plane with equal separations in our designs. As shown in Fig. 5(a) , sixteen identical antenna elements are selected for power transmitting. Theoretically, the more transmitting elements, the higher the PTE. However, too many transmitting elements imply complexity and higher cost. For this reason, a compromise must be made in the selection of the element number. In our design we use a 16-element array. With this commonly used antenna geometry, we can focus on the demonstration of the design theory. In the design, all the elements are the same as the microstrip patch antenna shown in Fig. 3 , and are separated by an equal distance of 60 mm. The separation is selected based on the compromise between the coupling of the elements and the size of the array. It can be seen from Fig. 5(b) that each element is terminated by an SMA connector, so that its S-parameter performance can be directly measured when used for the WPT. Fig. 6 plots the reflection coefficients of several transmitting antenna elements in Fig. 5(a) . Due to the symmetry, the reflection coefficients for three representative elements (No. 1, 2, and 6) are provided. Only two curves are shown in Fig. 6 because the curves for elements No. 1 and 2 are identical. It can be seen that all the elements perform well at 2.45 GHz. In the following, the array in Fig. 5 and the antenna in Fig. 3 will be deployed for power transmitting and receiving.
B. WPT SYSTEM FOR SCENARIO ONE
As illustrated in Fig. 7 , the WPT system is formed by the sixteen-element transmitting array in Fig. 5 and the receiving antenna in Fig. 3 . The receiving antenna is placed right in front of the transmitting elements with a piece of unknown shielding material in between to mimic the scenario in Fig. 1(a) . If the receiving antenna is numbered as the seventeenth element, then the entire WPT system has seventeen ports and can be viewed as a 17-port network. Fig. 8 provides the measured transmission coefficients between eight representative transmitting antenna elements (No. 1 to 8) and the receiving antenna. The receiving antenna points to the center of the transmitting array, and the symmetrical transmitting elements show approximately equal transmission coefficients. Also, the frequency points for the peak values of the transmission coefficient curves slightly deviate from 2.45 GHz. This could be explained from Figs. 4 and 6 in which the lowest reflection coefficients occur at 2.455 GHz rather than exactly 2.45 GHz. Hence, the power transmission coefficients also reach the maximum values at around 2.455 GHz. By substituting the measured S-parameters into equation (4), the maximum PTE η PTE for the WPT system in the first scenario is found to be 37.25%. The corresponding optimum excitation distribution for all the transmitting elements is listed in the second column of Table 1 . The amplitudes and phases of some symmetrical VOLUME 5, 2017 transmitting elements in Table 2 seem different, for example, elements 1, 4, 13, and 16. This is due to the asymmetry of the unknown shielding medium.
To feed the transmitting elements with the required excitation distribution, a feeding network is designed with microstrip quarter-wave transformers and phase delay lines. Fig. 9 shows the circuit schematic for part of the designed feeding network. The characteristic impedance and electrical length for each microstrip line section are provided in the caption. With the designed feeding network, the realized excitation distribution for the transmitting elements can be obtained, which is listed in the third column of Table 1 . It can be seen that the realized distribution agrees well with the optimized one. The final transmitting array is built by integrating the sixteen transmitting elements with the designed feeding network. Fig. 10 shows the photographs of the fabricated transmitting array. A rectifier is also designed to convert the received RF power into dc power, whose circuit schematics and photograph are shown in Fig. 11 . With the final transmitting array, the receiving antenna in Fig. 3(b) and the rectifier, the whole WPT system for Scenario One can be readily set up and measured. Fig. 12 illustrates the port numbering of the WPT system. The input port of the feeding network is numbered as Port 18, and its sixteen output ports are connected to the transmitting array elements. The port of the receiving antenna is still viewed as Port 17. Hence, the ratio of the power received by Port 17 to the input power at Port 18 is the PTE η PTE . The power conversion efficiency (PCE) η PCE is defined as the output dc power of the rectifier over its input power. Obviously, 
5 mm, and L 9 = 1.3 mm. L 10 = 4.5 mm, C s1 = 43 pF, C s2 = 5 pF, C s3 = 1.2 pF, and R s = 1.1 k .
FIGURE 12.
Illustration for the port numbering and structure of the WPT system. the total efficiency η of the whole WPT system (the output dc power over the input power at the transmitting array) is
As shown in Fig. 13 , the PTE η PTE between the transmitting array and the receiving antenna is measured using VNA. In the measurement, the transmitting array, the receiving antenna and the unknown shielding medium are positioned exactly the same as those in Fig. 7. Fig. 14 plots the S-parameters between the transmitting array and receiving antenna. It can be found that the reflection coefficient (|S 18,18 |) of the transmitting array is around −16.8 dB at 2.45 GHz, indicating that the input power is all delivered to the array. The measured |S 17,18 | is about −5.06 dB, which means the measured PTE η PTE of the WPT system is 31.21%. Compared with the theoretical maximum η PTE of 37.25%, the measured one is slightly lower. This difference is mainly from the insertion loss of the feeding network, which is inevitable. It can also be found from Fig. 14 that the calculated efficiency η PTE of the WPT system is only 17.3% if the transmitting array is excited with the commonly used uniform amplitudes and phases, which clearly reveals the advantage of our method.
In the measurement, the total efficiency η of the WPT system, the power generated by a signal generator is input to the transmitting antenna array and the output dc power absorbed by the load is measured by a voltmeter. Fig. 15 plots the total efficiency η of the WPT system versus the input power at the transmitting antenna array at 2.45 GHz, which further proves the effectiveness of the proposed design method. 
Therefore, based on measurement, the design of a WPT system with maximum possible η PTE can be accomplished without characterizing the property of the unknown shielding medium.
C. WPT SYSTEM FOR SCENARIO TWO
In the scenario shown in Fig. 1(b) , the receiving antenna is embedded in an unknown medium. The medium and the receiving antenna are confined in a black box so that the orientation of the internal receiving antenna can be arbitrary. As illustrated in Fig. 16 , to mimic the scenario, the receiving. antenna of the WPT system is rotated by an arbitrary angle α The sixteen-element transmitting array is utilized to transfer the power. Similarly, the whole WPT system is viewed as a 17-port network and numbered the same way as that in the above. Its S-parameters are measured using a network analyzer. Fig. 17 plots the measured transmission coefficients between eight representative transmitting antenna elements (No. 1 to 8) and the receiving antenna. As the receiving antenna is not aligned to the center of the transmitting array, each transmitting element shows unequal transmission coefficients. By substituting the measured S-parameters into equation (5), the maximum PTE η PTE for the WPT system in the second scenario is calculated to be 27.02%. The corresponding optimum excitation distribution for the transmitting elements is listed in the second column of Table 2 .
Similarly, a feeding network is designed with microstrip quarter-wave transformers and delay lines to feed the transmitting elements with the required excitation distribution. Fig. 18 shows the circuit schematic for part of the designed feeding network. The characteristic impedance and electrical length for each microstrip line section are given in the caption. The excitation distribution for the transmitting elements realized by the designed feeding network is listed in the third column of Table 2 . Good agreement can be found between the realized distribution and the optimized one. The sixteen transmitting elements are integrated with the designed feeding network to form the final transmitting array. The element spacing is the same as that shown in Fig. 5 . The photographs of the fabricated transmitting array are given in Fig. 19 .
As shown in Fig. 20 , the final transmitting array and the receiving antenna form the setup for PTE measurement In Scenario Two. The receiving antenna is placed inside a black box. The measurement is set up exactly the same as those in Fig. 16 . As before, the transmitting array (with feeding network) is numbered as Port 18 while the receiving antenna is viewed as Port 17. Fig. 21 plots the S-parameters between the transmitting antenna array and the receiving antenna. The measured reflection coefficient (|S 18,18 |) of the transmitting array is around −19.9 dB at 2.45 GHz, showing that the feeding network is well designed. The measured |S 17,18 | is about −6.29 dB, which means the measured PTE η PTE of the WPT system is 23.49%. Compared with the theoretical maximum η PTE of 27.02%, the measured one is a little lower. This difference is caused by the insertion loss of the feeding network. It can also be found from Fig. 21 that the calculated efficiency η PTE of the WPT system is only 12.3% if the transmitting array is excited with the commonly used uniform amplitudes and phases, demonstrating the advantage of our method.
Again, the total efficiency η of the WPT system is measured with the same method utilizing a signal generator and a voltmeter. Fig. 22 plots the total efficiency η of the WPT system versus the input power at the transmitting antenna array at 2.45 GHz, which also demonstrates the effectiveness of the proposed design method. Therefore, based on measurement, the design of a WPT system with maximum possible η PTE can be realized without characterizing the property of the unknown medium and identifying the orientation of the receiving antenna inside a black box.
IV. CONCLUSION
A new method for designing a wireless power transmission system in an unknown electromagnetic environment has been proposed and verified in this paper. The PTE of the WPT system can be expressed in terms of the measured S-parameters. By solving an eigenvalue equation, the maximum possible PTE and the corresponding excitation distribution for the transmitting array can be obtained. The excitation distribution can then be achieved by a feeding network. In this way, an optimum WPT system can be built for an arbitrary electromagnetic environment. The method is applied to two WPT scenarios with unknown electromagnetic environments. The measured PTEs of the WPT systems are close to the optimized ones, indicating that this method is very effective and suitable for the design of wirelessly powering devices in unknown electromagnetic environments.
